Several different mixture equations have previously been used to characterize the microwave properties of the ferrite particle-insulating medium mixtures. For very low particle concentrations, these equations give nearly the same results. But when the particle concentration is higher than a few per cent, these equations generally give different results. Based on microwave measurements and numerical calculations, the validity of five well-known mixture equations has been examined in this paper. The experimental results show that both the Bruggeman and QCA-CP ('quasi-crystalline approximation with coherent potential') equations can accurately describe the microwave properties of the ferrite-medium mixtures, and that the Lichtenecker, Logarithm and Maxwell-Garnett equations are not suitable for characterizing the ferrite-medium mixtures over a wide particle concentration range at microwave frequencies.
Introduction
One way of characterizing the electromagnetic properties of magnetic granular materials is to measure the effective permeability and permittivity of magnetic particle-insulating medium mixtures and then to calculate the intrinsic permeability and permittivity of the magnetic particles from the measured effective permeability and permittivity using mixture equations. Numerous different mixture equations have been proposed to describe the effective electromagnetic parameters of heterogeneous mixtures, even in the case of ferrite-medium mixtures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . For very low particle concentrations, all of these mixture equations give nearly the same results, in frequent agreement with experiments. When concentrations are higher than a few per cent, these mixture equations generally give different results [12] [13] [14] .
As far as we know, no comparative experimental studies are available in the open literature to assess the validity of all kinds of mixture equations in describing the effective properties of the ferrite-medium mixtures over both a wide particle concentration range and a wide frequency range. In this paper, the primary intention is to examine the validity of several mixture equations in common use for describing the effective permeability and permittivity of ferrite particle-insulating medium mixtures over a wide particle concentration range in the 0.1-6.0 GHz range. The other aim is to present the microwave intrinsic permeability and permittivity spectra of some hexagonal ferrite particles which were calculated using the most accurate mixture equation discussed in this paper; some of which have not been reported before.
Experiment

Sample preparation
Measurement samples were prepared as follows: (1) the hexagonal ferrite particles of a few micrometres in grain size were prepared by the sol-gel technique [15] [16] [17] ; (2) the ferrite particles were randomly dispersed in a commercially available paraffin wax with a volume fraction ranging from 30-70%; (3) the ferrite-wax mixtures were die-pressed to form cylindrical toroidal measurement samples; the samples were 3.04 mm in inner diameter, 7 mm in outer diameter and 2-4 mm in thickness.
Microwave measurements
The transmission/reflection coaxial line method was used to measure the microwave complex permeability and permittivity of the ferrite-wax mixture samples. A gold-plated coaxial air line with a precision 7 mm connector interface was used to hold the measurement samples. An HP8753E vector network analyser was used to measure the transmission and reflection coefficients of the samples over the frequency range of 0.1-6.0 GHz. The relative complex permeabilities and permittivities of the samples were calculated from the measured transmission and reflection coefficients using the theoretical formulae described by Weir [18] and Vanzura et al [19] .
Mixture equations
There are numerous different mixture equations that are used to model heterogeneous mixtures, and the earliest of the mixture equations date from the nineteenth century. But for ferrite-medium mixtures and microwave frequencies, only a few mixture equations are in common use. Five well-known mixture equations were selected for this study. In the following, µ eff and ε eff represent the effective permeability and permittivity of ferrite-medium mixtures, respectively; µ m and ε m represent the permeability and permittivity of insulating media, respectively; µ i and ε i represent the intrinsic permeability and permittivity of ferrite particles, respectively; and f is the volume fraction of ferrite particles.
Firstly, we consider two empirical mixture equations. One is the Lichtenecker equation:
where |µ eff |, |µ i | and |µ m | are the moduli of permeability µ eff , µ i and µ m , respectively. The other equation is the Logarithm equation:
Both of these were established by Lichtenecker and have been commonly used to explain the microwave properties of ferrite-medium mixtures [4, 11] . Next, we consider three well-known structure-dependent mixture equations that are derived by paying attention to the 
This is the oldest mixture equation with theoretical justification and is also called the Rayleigh mixture equation [13] . The next structure-dependent equation is the Bruggeman mixture equation:
This is based on the Bruggeman theory or the effective medium theory (EMT). In this theory, both constituents are considered to be embedded in the effective medium, and self-consistency yields the Bruggeman equation [12] . The last is the QCA-CP mixture equation:
This equation is the 'coherent potential' or 'quasi-crystalline approximation with coherent potential' result and is often known as the GKM approximation after Gyorffy, Korringa and Mills [2, 9] . These structure-dependent equations have been shown to be members of a large family of mixture equations, which can be represented in the form [20] :
with the parameter ν differentiating between the members. ν = 0 and ν = 2 give the Maxwell-Garnett equation and the Bruggeman equation, respectively, and the QCA-CP equation is the case ν = 3. All of these structure-dependent equations have been widely used to describe the microwave properties of magnetic mixtures [11, 12, 21, 22] .
Equations (1)- (7) are the mixture permeability equations. The mixture permittivity equations take the same forms as the permeability equations. Table 1 gives the measured effective permeabilities and permittivities of mixtures A1, A2, A3 and A4 at a frequency of 1 GHz. The ferrite in the mixtures is Ba 2 Zn 1.6 Co 0.4 Fe 12 O 22 (sintered at 1200
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• C for 5 h) which has the specific mass of 5.39 g cm −3 . The wax in the mixtures has the specific mass of 0.78 g cm −3 and its permeability and permittivity are µ m = 1 and ε m = 2.18, respectively. The volume fractions of the ferrite particles in mixtures A1, A2, A3 and A4 are 36.66%, 46.48%, 53.66% and 63.46%, respectively. 1 GHz versus volume fraction. All these intrinsic parameters were calculated from the effective parameters of mixtures A1, A2, A3 and A4, using the mixture equations in section 2.3. We expect that, from different particle concentration mixtures, an exact mixture equation should give the same intrinsic parameters. If a mixture equation gives quite different intrinsic parameters from different particle concentration mixtures, we infer that this equation cannot accurately describe the electromagnetic properties of the mixture over the wide particle concentration range.
As illustrated in figure 1 In addition, figure 1 shows that the permeability µ i obtained with the Lichtenecker equation increases obviously as the volume fraction increases. Both the permeability µ i and permittivity ε i obtained with the Logarithm equation decrease with increasing volume fraction. Also, both the permittivities ε i and ε i obtained with the Maxwell-Garnett equation exhibit a strong dependence upon volume fraction. We know that a good mixture equation should account for both the permeability and permittivity over a wide range of volume fractions. Thus, it can be seen that none of the Lichtenecker, Logarithm and Maxwell-Garnett equations are suitable for characterizing the microwave properties of the ferrite-wax mixtures over a wide volume fraction range of 30-70%. Table 2 gives the measured effective permeabilities and permittivities of mixtures A1, A2, A3 and A4 at 4 GHz. The intrinsic parameters (at 4 GHz) of the ferrite calculated from the effective parameters in table 2 are illustrated in figure 2 . Figure 2 shows that, over the concentration ranging from 36.66-63.46 vol%, the values of µ i , µ i , ε i and ε i obtained with In other words, the data in figure 2 also validate the Bruggeman and QCA-CP mixture equations. Besides, figure 2 also indicates that the Lichtenecker, Logarithm and Maxwell-Garnett equations cannot accurately describe the microwave properties of the ferrite-medium mixture over a wide concentration range. In order to further examine the validity of the Bruggeman and QCA-CP equations, the effective permeability and permittivity spectra of the mixture A2 were predicted over a wide frequency range of 0.1-6.0 GHz and were compared to the measured results in figure 3 . During the calculation, the intrinsic parameters of the ferrite particles were determined from the measured effective parameters of mixture A4 using a mixture equation. Then the calculated intrinsic parameters and the same mixture equation were used to predict the effective parameters of mixture A2.
In figure 3 , the theoretical results calculated by both the Bruggeman and QCA-CP equations are found to be in good agreement with the experimental data over the entire measurement frequency range. For the Bruggeman equation, the maximal discrepancies between the calculated and measured results are 2.53% for µ eff , 10.44% for µ eff and 1.46% for ε eff . For the QCA-CP equation, the maximal discrepancies between the calculated and measured results are 2.35% for µ eff , 10.69% for µ eff and 2.52% for ε eff . The difference between the calculated and measured values of ε is less than 8.70% for the Bruggeman equation and 15.47% for the QCA-CP equation over the frequency range of 0.5-5.0 GHz. In the 0.1-0.5 GHz and 5-6 GHz ranges, the relatively larger difference in ε is believed to be due to the measurement errors. Thus, it can be seen that both the Bruggeman and QCA-CP mixture equations can be used to characterize the microwave properties of ferrite-medium mixtures. [23] . In other words, the resonance frequency of these ferrites increases as the Co concentration increases. Although all resonances occur at a frequency below 1 GHz, as shown in figures 4 and 5, the resonance of the low Co-concentration ferrite occurs at lower frequencies than that of the high Co-concentration ferrite. As a result, in the 1-6 GHz range, the values of permeability of the low Co-concentration ferrite are observed to be lower than those of the high Co-concentration ferrites. However, as shown in figures 4 and 5, both the real and imaginary parts of permittivity exhibit quite a weak dependence upon the Co concentration.
It can be seen from figure 6 22 . This result is difficult to explain. As we know, the natural resonance frequency is proportional to 
Conclusions
Based on microwave measurements and numerical calculations, the validity of the Lichtenecker, Logarithm, Maxwell-Garnett, Bruggeman and QCA-CP mixture equations has been examined in this paper. The experimental results show that both the Bruggeman and QCA-CP equations can accurately describe the microwave properties of the ferrite particle-insulating medium mixtures. But, all of the other three equations are not suitable for characterizing the ferrite-medium mixtures over a wide particle concentration range at microwave frequencies. The microwave intrinsic permeability and permittivity spectra of BaZn 2 
